Highlights d Transport of signals and nutrients in fungal mycelia occurs via specialized hyphae d Transport in these hyphae is bidirectional d Direction of transport in these hyphae oscillates between acropetal and basipetal
In Brief
Schmieder, Stanley et al. provide experimental evidence for the bidirectional propagation of signals and nutrients along specialized hyphae. These results, collected on a microfluidic chip, suggest that multicellular fungi use undescribed mechanisms to coordinate the distribution of nutrients and their behavioral response upon attack by fungivores.
Intercellular distribution of nutrients and coordination of responses to internal and external cues via endogenous signaling molecules are hallmarks of multicellular organisms. Vegetative mycelia of multicellular fungi are syncytial networks of interconnected hyphae resulting from hyphal tip growth, branching, and fusion. Such mycelia can reach considerable dimensions and, thus, different parts can be exposed to quite different environmental conditions. Our knowledge about the mechanisms by which fungal mycelia can adjust nutrient gradients or coordinate their defense response to fungivores is scarce, in part due to limitations in technologies currently available for examining different parts of a mycelium over longer time periods at the microscopic level. Here, we combined a tailor-made microfluidic platform with time-lapse fluorescence microscopy to visualize the dynamic response of the vegetative mycelium of a basidiomycete to two different stimuli. The microfluidic platform allows simultaneous monitoring at both the colony and single-hypha level. We followed the dynamics of the distribution of a locally administered nutrient analog and the defense response to spatially confined predation by a fungivorous nematode. Although both responses of the mycelium were constrained locally, we observed long-distance propagation for both the nutrient analog and defense response in a subset of hyphae. This propagation along hyphae occurred in both acropetal and basipetal directions and, intriguingly, the direction was found to alternate every 3 hr in an individual hypha. These results suggest that multicellular fungi have, as of yet, undescribed mechanisms to coordinate the distribution of nutrients and their behavioral response upon attack by fungivores.
INTRODUCTION
Natural environments are heterogeneous in many aspects. Nutrient composition in the soil is subject to spatiotemporal variations, which create very distinct and ephemeral microhabitats [1] . Fungi cope with this discontinuous nutrient distribution by the formation of a continuous (syncytial) network of arrays of linearly arranged cells (hyphae), referred to as a mycelium, which allows them to access nutrient-rich microhabitats and to achieve nutritional homeostasis within all cells of the multicellular organism [2, 3] .
Fungal mycelia grow by tip extension of individual hyphae, resulting in indeterminate radial growth, whereas secondary and further branches populate intermediary regions to optimize nutrient acquisition [4] . The formation of a network is accomplished by hyphal fusion (anastomosis) [5] [6] [7] . Depending on the fungal species, such networks can become quite large, ranging from cubic centimeters to many cubic meters, as is the case for ectomycorrhizal systems or cord-forming basidiomycetes [8] .
The network as such can be continuously remodeled and is therefore highly dynamic, adapting to different underlying nutrient conditions, damage, or assault by meso-fauna [8] [9] [10] . Such network dynamics requires the reallocation of nutrients from different parts of the mycelium to allow, for example, bridging of nutrient-poor areas or damage repair [9] [10] [11] [12] [13] [14] [15] . Nutrient reallocation (in the form of radiotracers) through mycelial networks was predominantly examined and observed within cords or rhizomorphs of different basidiomycete species, where it is claimed to be important for the sufficient delivery and distribution of metabolically relevant nutrients to growing tips [16] [17] [18] [19] . The driving force for this nutrient reallocation was hypothesized to be mainly pressure-driven mass flow [20] [21] [22] . However, the reported bidirectionality (acropetal and basipetal directions) of nutrient reallocation is difficult to explain with this model [20, [22] [23] [24] . Furthermore, the spatial scale at which mycelia operate in nature as a physically or physiologically integrated entity is not known [14] .
Besides local fluctuations in physicochemical elements, biotic factors including microbial and faunal communities co-inhabiting a particular microhabitat give rise to considerable environmental variations in space and time. For example, the sessile and heterotrophic lifestyle of fungi entails constraints when encountering competitors, predators, or parasites. In order to defend themselves against these antagonists, fungi have developed an impressive arsenal of toxic metabolites and proteins [25] [26] [27] [28] [29] . This defense response in fungi can be induced, as shown by the activation of secondary metabolite gene clusters [30] [31] [32] . The model mushroom Coprinopsis cinerea induces nematotoxic lectins upon challenge with the fungivorous nematode Aphelenchus avenae [33, 34] . Thus far, studies of inducible defense responses of fungal mycelia have focused on transcriptional and/or translational changes of the entire organism (mycelium). The defense response of individual hyphae, the eventual propagation of these local responses to other parts of the mycelium, as well as the ecological significance of such coordinated behavior remain to be elucidated [35] [36] [37] . In order to understand how the vegetative mycelium of C. cinerea responds to local changes in the environment, we developed a microfluidic platform designed to constrain the area of interaction between fungal mycelia and nematodes and visualize events occurring within individual hyphae (fungal-nematode-interaction [FNI] device). Microfluidic manipulation of fluid volumes on the microscale has been employed in a multitude of different biological disciplines, notably for the study of whole (living) organisms in recent years [38] . Importantly, our novel FNI platform enables the precise manipulation of the microenvironment, including the addition of nematodes and abiotic stimuli [39] , and allows the fungus of interest, growing both within and outside of the confrontation area, to be monitored. In combination with high-resolution, automated imaging techniques, this platform facilitates the study of dynamic biological processes at the cellular level without losing spatial or temporal resolution. We constructed C. cinerea reporter strains to visualize and quantify the induction of genes coding for defense proteins upon challenge with nematodes. As a result of combining the reporter strain with the microfluidic platform, we were able to follow the defense response of the fungus in real time and with singlehypha resolution. The same setup was used to introduce the fluorescent glucose analog 2-Deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)amino]-D-glucose (2-NBDG) to precise locations within the microfluidic device to follow nutrient transport through the mycelium.
This experimental setup revealed that the transcriptional induction of C. cinerea defense genes in response to predation by A. avenae is mainly localized to those parts of the vegetative mycelium that are in direct contact with the predator. We could, however, identify a distinct hyphal subtype in the mycelium of this basidiomycete that was capable of propagating the defense response over several millimeters both in the acropetal and basipetal direction. Remarkably, our time-lapse studies revealed an oscillation of the fluorescence signal with a constant periodicity of approximately 4-6 hr within these hyphae. The same hyphal subtype also transported the glucose analog 2-NBDG with similar kinetics, but propagation of the defense signal and transport of 2-NBDG were mutually exclusive when triggered and applied, respectively, at opposite locations within the device. These findings can be explained by a periodical switch in the direction of solute transport and coordinated opening and closure of septa in these hyphae.
RESULTS
Local and Specific Defense Response of C. cinerea against the Fungivorous Nematode A. avenae To monitor the spatial distribution of the C. cinerea defense response upon predation by A. avenae with cellular resolution, we first designed a microfluidic device (FNI) in which the access of nematodes to the growing mycelium is restricted to specific regions, namely the ''confrontation area'' ( Figures 1A, 1B , S1A, and S1B). Spatial restriction is achieved by incorporating constriction channels between the confrontation area and the basipetal and acropetal monitoring areas. Due to their small width and height (10 mm) and long length (500 mm), nematodes cannot enter these channels. We also introduced a control area for examination of non-confronted hyphae of the same mycelial colony. Second, we constructed various C. cinerea AmBm reporter strains carrying either dTomato or eGFP expression cassettes driven by the promoters of the cgl2 and cctx2 genes to visualize the expression of these genes. The expression of both genes is induced in the vegetative mycelium of monokaryotic C. cinerea strain Okayama 7 under nematode feeding pressure, and the encoded proteins are toxic to different fungal foraging phyla [33, 34] .
In our setup, induction of defense gene expression was most prominent for parts of the mycelium that were directly confronted Figure S1 , Table S3 , and Video S1. with the nematode ( Figure 1C ). Within the confrontation area, the vast majority of hyphae expressed dTomato at high levels, whereas in the control area, hyphae did not show any induction of the cgl2p-dTom reporter gene 18-24 hr after addition of the nematodes ( Figures 1C and 1D ). The local induction of defense genes after nematode foraging was also demonstrated for the second reporter strain, C. cinerea AmBm cctx2p-dTom, encoding the dTomato expression cassette under the control of the promoter for the chimerolectin CCTX2. Again, production of dTomato was only detected when nematodes were present and not in the control area ( Figure S1C ). Because the level of dTomato production observed in this strain was lower, compared to dTomato production driven by the cgl2 promoter, further analyses of the C. cinerea defense response were carried out with the C. cinerea AmBm cgl2p-dTom strain.
A. avenae feeds by piercing the hyphal cell wall and ingesting the content of a hyphal compartment (Video S1). The active feeding by A. avenae seems to be required for the induction of the cgl2 promoter, because the application of dead A. avenae did not, in accordance with previous results [33] , trigger dTomato production in C. cinerea AmBm cgl2p-dTom (Figure S1C). Induction of dTomato was also not detected when, instead of A. avenae, bacteria (B. subtilis 168 and E. coli Nissle 1917) were applied to the confrontation area ( Figure S1C ).
The production of nematotoxic lectins, as observed by the production of dTomato, was detectable as early as approximately 6 hr and became significant 18 hr after the addition of A. avenae to the confrontation area ( Figures 1D and 1E ). Thus, the expression of defense effector genes was detected significantly earlier using the microfluidic FNI device than described previously (48-72 hr after nematode inoculation) [34] . qRT-PCR analysis of C. cinerea AmBm cgl2p-dTom hyphae collected from the confrontation area 6 hr and 48 hr after nematode application confirmed the differential expression of cgl2 and cctx2 ( Figure 1E ).
Propagation of Defense Response in Trunk Hyphae
The above analysis of C. cinerea AmBm cgl2p-dTom challenged with A. avenae showed that the induction of the C. cinerea anti-nematode defense response was primarily localized within the confrontation area and did not propagate systemically throughout the entire mycelium (e.g., into the control area harboring hyphae of the same colony; Figure 1C ). However, detailed analysis of the acropetal and basipetal monitoring areas, where hyphae do not come into direct contact with A. avenae, revealed a systemic propagation of the induction in a distinct subset of hyphae. This systemic induction within individual hyphae was observed acropetally, as well as basipetally, originating from the confrontation area (Figures 2A and 2B ). dTomato fluorescence within such hyphae was observed to spread over long distances, in some instances over several millimeters (>2.5 mm). Importantly, the acropetal and basipetal transmission was not dependent on the promoter (cgl2p, cctx2p; data not shown) or the fluorescent protein used (dTomato, eGFP) ( Figure S1D ). The speed of propagation of the fluorescence signal in both directions was similar and determined to be approximately 5 mm/s. This value exceeds the apical growth rate of C. cinerea AmBm by a factor of about 753 (4.1 mm/min [39] ). The dTomato fluorescence signal rarely spread from an induced hypha into secondary branches, but was found to propagate from one hypha to another via anastomosis bridges (Figures S2A and S2B). Interestingly, we could not detect any further propagation of the induction in the donor hyphae beyond the point of anastomosis.
Hyphae capable of long-distance propagation of the defense induction were otherwise not readily distinguishable from the rest of the hyphal population; however, the diameter of these hyphae appeared consistently large. We therefore analyzed the diameters of hyphae in the vegetative mycelium of C. cinerea AmBm. A two-step clustering analysis was performed and the results suggest that hyphae of a C. cinerea AmBm mycelium can be grouped into, on average, 2 or 3 distinct populations of hyphae based on the different hyphal diameters ( Figures S2C  and S2D ). The average diameter of hyphae transmitting the dTomato fluorescence signal showed a mean diameter that clustered into the group of hyphae exhibiting a large diameter, here termed generally as trunk hyphae ( Figure S2D ) [13, 40] .
Oscillation of Defense Response Propagation
We followed the dTomato fluorescence in trunk hyphae over time by acquiring a series of time-lapse images. The time-lapse series revealed that the fluorescence signal was propagated in the same hyphae several times within a 48 hr time frame, seemingly switching between an on/off state in a regular fashion (Figure 2A) . We analyzed the fluorescence intensity profiles (mean gray values) of a section in several induced hyphae over time, and the analysis showed a periodicity of approximately 4-6 hr for the individual hyphae between induced and non-induced states in both directions (as illustrated in Figures 2B and 2C ; Video S2). The dTomato reporter protein was expressed as a cytosolic version that did not allow differentiation between diffusion/ transport of the dTomato protein from its expression site, and/or the diffusion/transport of the underlying fungal defense inducer from the confrontation area. To determine whether the underlying fungal defense inducer is restricted to the site of nematode assault, we first constructed a C. cinerea AmBm reporter strain where dTomato localized to the nucleus. For this purpose, dTomato was fused to the C. cinerea histone H1 (cgl2p-dTomH1). When using this reporter strain, a fluorescence signal was observed in the nuclei of induced compartments and little to no dTomato was detected in the cytoplasm ( Figures 2D and 2E) . A detailed analysis of the co-cultivation between A. avenae and C. cinerea AmBm cgl2p-dTomH1 showed that the nuclear dTomato was still induced in distinct hyphae within the acropetal and basipetal monitoring areas, which were not directly in contact with the nematode (Figure 2E ). However, unlike in C. cinerea AmBm cgl2p-dTom, which expresses the cytosolic version of dTomato, induced hyphae in C. cinerea AmBm cgl2p-dTomH1 did not show any ''on/off'' state ( Figure 2F ). The fluorescence signal in the nuclei in these hyphae remained stable or increased over the measuring period.
Second, we tested the opening states of the dolipore septa in the acropetally and basipetally induced trunk hyphae. For this purpose, we performed fluorescence bleaching experiments, because closed septa apparently represent a diffusion barrier for cytosolic dTomato in these hyphae ( Figure S2A ). The results indicate that, at the time of bleaching, not all septa along an induced hypha were open. The ''À1 compartment'' did not respond to the bleaching, indicating that the septa linking compartments 1 and À1 remained closed ( Figures S3A-S3C ). Furthermore, we observed that the opening state of a given septum can change over time. The septa connecting compartments 1 and À1 were closed at the time of the first bleaching, but opened 30 min later to allow transport of dTomato. The septa between compartments 3 and 4, on the other hand, closed during the time course ( Figures S3D-S3F ).
Transport of Nutrients in Trunk Hyphae
It is known that cord-forming basidiomycetes transport nutrients such as glucose or amino acids in a bidirectional manner and also show an oscillatory behavior [10, 20, 41] . Given the observed bidirectional propagation of the fungal defense response against nematodes within a specific subset of hyphae, we tested whether the same hyphae were also used for transport of solutes within the mycelium. For this purpose, we employed the soluble and fluorescent glucose analog 2-NBDG. Instead of applying A. avenae, 30 mM 2-NBDG was applied to the confrontation area and the fluorescence signal within the acropetal and basipetal monitoring areas was analyzed ( Figure 3A) . In contrast to the production of dTomato upon nematode challenge, distribution of 2-NBDG in the mycelium was far more complex. Septa of secondary or higher-order branches were permeable to 2-NBDG, leading ultimately to diffusion of 2-NBDG throughout the mycelium (Figure 3B , all hyphae). Furthermore, 2-NBDG diffusion within the chamber itself was observed ( Figure 3B, background) . Nonetheless, we could clearly detect a fluorescence signal in some distinct hyphae that exhibited a similar periodicity as those that had been induced by nematode challenge (Figure 3B , oscillatory hyphae). These hyphae showed transport of 2-NBDG both acropetally and basipetally, approximately 1 hr after application, whereas the arrival of 2-NBDG by general diffusion into the analyzed acropetal regions of interest (ROIs) was only apparent approximately 7-13 hr after application and did not show a periodicity ( Figure 3B , control hypha, all hyphae).
When A. avenae and 2-NBDG were added to the confrontation area at the same time, the dTomato and 2-NBDG fluorescence signals propagated along the same trunk hyphae with a synchronous oscillation ( Figures S4A-S4G) . Given the strikingly similar behavior observed for both molecules, we analyzed the time required for one periodic event ( Figures 2C and 3C ) and found no statistical difference between dTomato and 2-NBDG or between acropetal and basipetal propagation ( Figure S4H ). To confirm a shared underlying distribution mechanism, we determined the theoretical concentration profile over time for dTomato (based on a 25-kDa model protein) and 2-NBDG (based on diffusion kinetics of a typical ion) assuming distribution by simple diffusion only, according to [24, 42] (Figures S5A  and S5F ).
The theoretical diffusion profile for dTomato is not in agreement with the fluorescence profile we obtained within propagating hyphae, suggesting that simple diffusion over large distances (>1,000 mm) alone cannot account for the fast dTomato Figure S4 and Table S3 . propagation kinetics observed ( Figures S5B-S5E ). Furthermore, the profile for 2-NBDG, although similar to the dTomato signal, also cannot be explained by a diffusion model, thus jointly suggesting a similar mechanism, different from diffusion, is underlying the transport of these two molecules. Finally, we asked whether an individual trunk hypha mediates transport both in the acropetal and basipetal directions to potentially explain the on/off state. We therefore introduced A. avenae into the confrontation area and 2-NBDG into the medium inlet (see Figures S1A and S1B for the microfluidic device scheme). The results revealed that the defense response and 2-NBDG were still transported in the same hyphae, but that their transport was mutually exclusive and the oscillation of their transport was shifted by about half a period (2-3 hr) (Figures 4 and S4I ).
DISCUSSION
The present study reveals a yet-undescribed functional differentiation of C. cinerea mycelia generating large trunk hyphae capable of bidirectional transport of bulk cytoplasmic solutes. This transport results in efficient distribution of nutrients and the systemic induction of defense genes, reaching a distance several millimeters from the actual site of predation.
Despite the broad versatility and variations in design, the application of microfluidic technology to study fungal growth and physiology or fungal interactions has only emerged in recent years [39, 43, 44] . The novel, tailor-made microfluidic device design presented here permitted the study of the dynamic interaction between the filamentous fungus C. cinerea and the fungivorous nematode A. avenae at the resolution of single hyphal compartments. In particular, the use of the FNI device to restrict the predatory nematode to specific mycelial areas, in combination with the use of fluorescent fungal reporter strains, made it possible to visualize the dynamic spatiotemporal distribution of the transcriptional response of the fungus to the nematode. It is anticipated that the setup and applications presented here, in particular the extraction of defined hyphal material, can be applied to many different physiological questions, where so far spatial resolution was lost due to the sampling technique employed.
The use of a fluorescent reporter strain in a microfluidic setup enabled us to follow the induction of defense genes of this fungus to nematode predation in real time and with single-cell resolution. Our results show that different parts of a basidiomycete mycelium are autonomous in their response to environmental stimuli, as the defense response was only elicited in areas directly confronted with the nematode ( Figure 1C) . Differences in gene expression and protein secretion between different hyphae of a mycelial colony were previously demonstrated for Aspergillus niger [45] . In contrast to C. cinerea, however, the observed gene expression differences within the A. niger mycelium were constitutive and not induced by external cues.
The strong response of the C. cinerea hyphae to A. avenae in the confrontation area of the microfluidic device allowed us to probe the specificity of this defense response ( Figure S1C ). Our observations confirmed previous results suggesting that inducible fungal defense is very specific for the respective antagonist and that the anti-nematode response relies on active feeding by the nematode [33, 34] . The time required to induce the anti-nematode response within the mycelium is comparable to the induction of plant defense against herbivory ( Figures 1D  and 1E) [46] . The fact that two different defense effector promotors (cgl2p and cctx2p) were activated with similar kinetics suggests that both promoters could be activated by the same signal-transduction pathway. The nature of the nematode signal perceived by the fungus, the mode of signal recognition, or the components of the signal-transduction pathways, however, remain to be elucidated.
In a subset of hyphae, characterized by their large diameter and referred to as trunk hyphae, the induction of the defense gene promotor was not limited to the site of predation but was propagated over several millimeters (Figure 2 ). Interestingly, this propagation occurred not only in the growth direction (acropetal) but also in the basipetal direction from the confrontation area (Figure 2A ). The nuclearly targeted version of the dTomato reporter protein (cgl2p-dTom-H1) still showed acropetal and basipetal propagation along this subset of hyphae, indicating that, besides cytosolic dTomato, also the underlying inducer of the defense effector-encoding genes is transported. Because fluorescence of this nuclearly targeted version of dTomato did not, in contrast to the cytosolic dTomato, show any ''on/off'' state ( Figures 2A and 2F ), we hypothesize that oscillation of the cytosolic dTomato version is based on cytoplasmic flow.
The concept of acropetal and basipetal cytoplasmic flows within a fungal colony is not new. Previous studies demonstrated bidirectional nutrient translocation within cords or rhizomorphs of saprophytic and ectomycorrhizal basidiomycetes [8, 10, 20, 23, 41, 47, 48] . Bidirectionality was explained to be due to dedicated acro-and basipetally oriented hyphal bundles within cords or rhizomorphs. The use of periodic cytoplasmic flows to increase the dispersion of a molecule was also described for the network of syncytical veins in the slime mold Physarum polycepharum [48, 49] . Tlalka et al. showed for the first time that N transport (2-aminoisobutyric acid, [ 14 C]AIB) within cords of Phaenerochate velutina underlies a certain periodicity that was dependent on the subdomain of mycelium observed [50] . However, whereas transport of [ 14 C]AIB in P. velutina followed a pulsatile behavior with an oscillatory rhythm of around 11-14 hr [20, 50] , the length of oscillation observed in our experiments was shorter (4-6 hr) and hyphal bundles or cords are not present in the vegetative mycelium of C. cinerea [51] . Instead, we could identify, using the novel microfluidic setup, a distinct subtype of individual hyphae, morphologically only distinguishable by their large diameter, that was responsible for the transport (Figures S2C and S2D) .
In accordance with the cytoplasmic transport hypothesis for the observed phenomena with the fluorescent defense reporter strain, the application of a fluorescent glucose analog, 2-NBDG, used previously for the characterization of solute transport in hyphae of the ascomycete A. niger [52] , to the C. cinerea mycelium, either independently or concomitantly with the nematode, revealed transport along the same hyphae with similar ki-netics and periodicity as the dTomato fluorescence signal (Figures 3 and S4A-S4H ). In addition, we find that neither the dTomato nor the 2-NBDG fluorescence signal propagation correlates with their respective expected diffusion kinetics ( Figure S5 ).
Taken together, these results suggest the presence of a bulk transport of solutes within the C. cinerea mycelium, both in acropetal and basipetal directions, that covers distances beyond the dimensions of our microfluidic devices (3.5 mm) and may allow a fast and efficient distribution of nutrients and signals ( Figures 5 and S5) . In contrast to previous reports on other basidiomycetes, this bidirectional transport in C. cinerea appears to occur at the level of individual hyphae rather than bundles of hyphae ( Figure 4 ). We speculate that the oscillation, observed for transport of both dTomato and 2-NBDG (Figures 2  and 3 ), is caused by periodical (every 2-3 hr) switching of the direction of bulk transport in these hyphae. Such a distribution mechanism of solutes would, on the one hand, equilibrate fluctuations and imbalances of individual nutrients between distant areas of the mycelium and ensure mycelial growth in environments where nutrients are distributed unevenly [12, 18, 48, 49] . On the other hand, the fast transmission of signals inducing anti-predator defense in areas of the mycelium that are not yet under attack might save vital parts of the mycelium from predator damage and thus ensure survival of the organism, as shown for plants [46] . This type of organismic defense is possible due to the ability of fungal mycelia to survive, even if large parts thereof are destroyed, and to regenerate from the remaining parts [35, 36] .
At present, we can only speculate as to how the detected specialized transport hyphae in the vegetative mycelium of C. cinerea generate their cytoplasmic flow and periodically change its direction. Fluorescence bleaching and recovery experiments on induced hyphal compartments-outside of the confrontation area-indicate that the opening state of the septal pores in the propagating hyphae is reversible and that cytoplasmic continuity can be interrupted at a given time ( Figure S3 ). We hypothesize that the coordinated, reversible closure of the septal pores is a major factor in the bidirectional transport in these hyphae. The generation of such flows allows a faster and more efficient redistribution of nutrients and signals within the hyphal colony as compared to simple diffusion (Figures 3, 4 , 5, S4, and S5) [24] . It remains to be elucidated as to why and how hyphal branches are connected and disconnected from this transport system.
In summary, the study of inducible defense against fungivorous nematodes in the basidiomycete C. cinerea has revealed a novel type of hyphal differentiation and communication within a fungal mycelium, and the next challenge will be to unravel the molecular mechanisms responsible for these phenomena.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Imaging of fungal-nematode co-cultures The respective C. cinerea strain was cultivated at 37 C in a dark, humid box for 72 hr. Inoculation of a YMG-filled microfluidic device was performed as described in Stanley et al. [39] with the following modification: the inoculated microfluidic device was incubated in the dark with high humidity for approximately 18 hr at 37 C to allow the hyphae to grow into the confrontation and control areas ( Figures 1A, 1B , S1A, and S1B) before the addition of nematodes. For every experiment, approx. 5 nematodes of a mixed stage population were transferred into the inlet that leads to the confrontation area. Following the addition of nematodes, the co-cultivation devices were monitored immediately or transferred to 20 C in the dark for later use. Image acquisition was performed as described in Stanley et al. [39] . In brief, a Nikon Ti-U inverted widefield fluorescence microscope, was used for long-term, time-lapse experiments. The microscope was equipped with a Prior ProScan III motorized stage (Prior Scientific, UK) and a CoolSNAP HQ2 camera (Photometrics, Germany). Bright field images were acquired with using phase contrast microscopy with a 3 20/0.45 NA S Plan Fluor objective lens (Nikon, Switzerland), and 100 ms exposure time.
Epifluorescence images were captured using a Nikon Intensilight C-HGFI mercury lamp (Nikon, Switzerland) as the source of excitation. TRITC and FITC HC BrightLine Basic Filtersets (AHF Analysentechnik, Germany) were used to image dTomato expression and the fluorescent glucose analog 2-NBDG (Life technologies) respectively (with exposure times of 100 and 200 ms respectively). Imaging experiments were coordinated with NIS-Elements Advanced Research imaging software (Nikon, Switzerland) and performed in a temperature controlled dark room at 20 C.
Images were analyzed using open software Fiji [53] . To measure the hyphal diameter the free hand tool and measuring tool of Fiji were used. The measuring tool was also used to analyze gray values.
QUANTIFICATION AND STATISTICAL ANALYSIS

Validation of defense gene expression
To validate the expression levels of the nematotoxin-encoding C. cinerea genes cgl2 and cctx2, hyphal material was extracted from the confrontation area after 6 and 48 hr and flash frozen in liquid nitrogen. Hyphae were lysed using glass beads, as described previously [34, 56] . Total RNA was extracted using a PicoPure RNA isolation kit (Life Technologies, California, USA). The quality of the extracted RNA was controlled using a Bioanalyzer 2100 (Agilent). Quantitative real-time polymerase chain reaction (qRT-PCR) for the individual defense genes was carried out according to Plaza et al. [34] . In brief, single-stranded cDNA was synthesized using Transcriptor Universal cDNA Master (Roche). qRT-PCR reactions (20 mL) were prepared by adding 900 nM of the respective primer pair, 10 mL 2x FastStart Universal SYBR Green Master (Roche) and 10 ng cDNA template. The following qRT-PCR program was used: a hold step at 95 C for 15 min followed by 40 cycles of 95 C for 15 s, 62 C for 30 s and 72 C for 30 s. Primer sequences are described in Table S2 .
Amplification cycles and PCR efficiencies were determined using LinRegPCR 12 program (BioGazelle). Differential expression ratios were calculated using the Ct difference formula [34] .
Determination of hyphal diameter distribution C. cinerea AmBm cgl2p-dTom was grown into a microfluidic device as described above, but incubation at 37 C was prolonged to 72 hr so that the fungus had completely covered the acropetal monitoring area. Bright-field images were acquired in the acropetal monitoring area and around 250 hyphal diameters were measured by hand using the straight line tool in Fiji (ImageJ software). Data from two independent experiments were pooled. For the diameter of transporting hyphae, data of several independent experiments (defense-induced hyphae as well as 2-NBDG transporting hyphae) were pooled. Normal distribution of hyphal diameters was tested using the Shapiro-Wilk's test with a 95% confidence interval in GraphPad Prism (GraphPad Software, USA). None of the experiments passed the normality test. 2-Step clustering analysis was performed using SPSS Statistics Software (IBM). One-way ANOVA with Bonferroni correction was performed to test if one of the three hyphal subpopulations and hyphae, capable of long distance transport, were statistically similar.
Fluorescence bleaching and generation of kymograph A. avenae was added into the confrontation area of a microfluidic device containing the C. cinerea AmBm cgl2p-dTom reporter strain for 24 hr to induce dTomato expression. A propagating hypha in the acropetal monitoring area was chosen for bleaching. Bleaching was performed on a Zeiss LSM780 confocal microscope with 100 iterations using the maximum laser intensity either once or repeatedly every 20 s and images were acquired every 2 s thereafter. The Fiji segmented-line tool was used to trace the induced hypha throughout the imaging frame. To generate a fluorescence profile of the bleached hypha over time (kymograph), the Fiji Reslice tool was used. The kymograph displays the change in fluorescence intensity along the bleached hypha as a function of time. The gray values of the traced hyphae were exported for the indicated time points and blotted over the length of the hypha to determine responsive compartments.
Analysis of time-lapse image series
Absolute fluorescence intensities were measured at each time point within a time-lapse image series. To acquire a measurement, the Fiji tool ''rectangular'' was used to create a square ROI, which was placed exactly on the hypha of interest (covering the complete diameter of the hypha). To measure the relative fluorescence intensity, the background fluorescence intensity was estimated by placing the same square ROI next to the hypha. The value of the absolute fluorescence intensity within the hypha was then divided by the background fluorescence intensity. This was repeated three times to yield an average value for one hypha. Values in arbitrary units (AU) were subsequently plotted as a function of time.
For 2-NBDG transport, fluorescence intensity measurements were performed additionally for all hyphae within an ROI covering most of the acropetal or basipetal monitoring area. To this end, the fluorescent image was thresholded and a mask created for all hyphae within the ROI. The fluorescence intensity was measured for all hyphae within the mask, summed and plotted against time. In Figure 3 and 0.5 AUs were added to simplify visualization within the graphs for the individual control hyphae, as well as for the background and the ROIs. Similarly in Figures 4 and S4, 0 .05 AU and 0.5 AU were added for the dTomato fluorescence datasets to aid visualization. Experiments were excluded due to the following: no transport into acropetal or basipetal monitoring area visible, background fluorescence too high, induction of dTomato expression/intra-hyphal NBDG signal too low.
Phase mapping and cross-correlation analysis
The data manipulation was performed using a free MATLAB package available at https://markfricker.org/77-2/software/ redox-ratio-analysis/redox-ratio-analysis-software-download/ (access July, 2016) [10] and the MapleSoft software package CrossCorrelation for cross-correlation analysis. The signal-to-noise ratio of the time series was improved using spatial and temporal averaging with 7x7 and 5x5 pixel kernel for each pixel and detrended with rolling average of 30, additionally a Hanning window was applied prior to a Discrete Fourier transform with a padding of 128 to extract better phase profiles for dTomato and 2-NBDG.
Fluorescent intensity values of hyphae 1 and 2 and hypha 1 plotted in Figures 4B and 4E , respectively, were used for cross-correlation analysis between dTomato and 2-NBDG signals.
Generation of diffusion model
The one dimensional, one directional diffusion was modeled using analytical solution from [2] (Equation 2.26). This model allows one to study how the concentration of a substance, characterized by a given diffusion constant D, evolves in time when it diffuses from a source, with a constant concentration c = 1 (arbitrary units), inside e.g., linear hyphae (one dimensional, open system with concentration c of a substance equal 0 at time t = 0 (s)). The model ( Figure S5 ) was solved for several positions starting at 300 mm from the source bath for two substances characterized by D_1 and D_2 (which corresponds to a diffusion of a protein and an ion, respectively in a hypha [1] ).
To determine the flow kinetics for dTomato and 2-NBDG in propagating hyphae, mean gray values were determined for two different points along the hypha (distance between the points is indicated in the graph). The hyphae were each chosen from two representative time-lapse experiments (Figures 2 and S4A for dTomato and Figure 3 for 2-NBDG).
Statistical analysis
SPSS Statistics Software (IBM) was used for 2-step clustering analysis and MATLAB software (MathWorks, USA) was used for crosscorrelation analysis. For all other statistical analyses, GraphPad Software, USA was used. Details regarding all statistical analyses performed and software used can be found in the Table S3 , the main text and the respective figure legends.
